New results for electric dipole strength in the chain of even-even Calcium isotopes with the mass numbers A = 40 -54 are presented. Starting from the covariant Lagrangian of Quantum Hadrodynamics, spectra of collective vibrations (phonons) and phonon-nucleon coupling vertices for J ≤ 6 and normal parity were computed in a self-consistent relativistic quasiparticle random phase approximation (RQRPA). These vibrations coupled to Bogoliubov two-quasiparticle configurations (2q⊗phonon) form the model space for the calculations of the dipole response function in the relativistic quasiparticle time blocking approximation (RQTBA). The results for giant dipole resonance in the latter approach are compared to those obtained in RQRPA and to available data. Evolution of the dipole strength with neutron number is investigated for both high-frequency giant dipole resonance (GDR) and low-lying strength. Development of a pygmy resonant structure on the low-energy shoulder of GDR is traced and analyzed in terms of transition densities. A dependence of the pygmy dipole strength on the isospin asymmetry parameter is extracted.
I. INTRODUCTION
Nuclear response to various experimental probes is the most informative source of knowledge about the structure of atomic nuclei. As dipole response largely dominates nuclear spectra, it is presently the best known one from the experimental point of view. A large corpus of data has been collected over the decades on various aspects of nuclear dipole response, see a recent review [1] . However, theoretical description of dipole strength functions still suffer from ambiguities of underlying models. Despite impressive progress of microscopic models based on the density functionals, shell-model or bare nucleonnucleon interaction, an accurate quantitative description of dipole spectra in medium-mass and heavy nuclei is still a challenge, which is especially actual for the low-energy dipole response because of its relevance for r-process nucleosynthesis [2] . In neutron-rich medium-mass nuclei the low-lying dipole strength exhibits a relatively collective resonant character, which has been revealed in a series of theoretical investigations, see review [3] , and, therefore, this part of excitation spectra is often called pygmy dipole resonance (PDR) or soft dipole mode. From the macroscopic point of view, the pygmy dipole resonance is a collective excitation mode associated with oscillation of a neutron skin against an inert core in neutron-rich nuclei. This picture is also supported by self-consistent microscopic models. The discovery of the pygmy dipole resonance in stable and unstable neutron-rich nuclei and especially its relevance to the astrophysical r-process nucleosynthesis directed the interest towards systematic studies of evolution of the PDR with N/Z ratio, or isospin asymmetry parameter [1] .
Progress in experimental techniques, such as nuclear resonance fluorescence, has enabled highly accurate measurements of low-lying dipole strength below the nucleon threshold. Such measurements were performed mostly in medium-mass nuclei, in particular, 112, 116, 120, 124 Sn [4, 5] , N = 82 isotones [6, 7] , 208 Pb [8] , while some comprehensive studies in light mass region for such nuclei as 40, 44, 48 Ca [9, 10] have been also reported. Experiments with radioactive beams allowed measurements of the pygmy dipole resonance in neutron-rich nuclei where it is located above the neutron emission threshold [11, 12] . Lately, starting from the pioneering work of D. Savran and co-authors [13] , isospin splitting of pygmy dipole resonance was actively studied by applying hadronic probes, such as alpha particles [14] [15] [16] [17] , protons [18, 19] and heavier nuclei [20, 21] complementary to photon scattering. Systematic theoretical and experimental studies of the pygmy dipole resonance lead to important conclusions about nuclear symmetry energy and dipole polarizability [22, 23] .
In this work we focus on studies of the electromagnetic dipole strength in even-even Calcium isotopes with neutron excess. Although neutron-rich Calcium isotopes do not lie on the r-process nucleosynthesis path and, therefore, are not in the direct relevance to the synthesis of heavy elements, experimental and theoretical investigations of dipole response in a long isotopic chain of Calcium can provide invaluable information on nuclear symmetry energy and on the equation of state. In addition, for the approaches based on the density functional Calcium mass region is of special interest because it is located in the proximity of the low-mass limit of model applicability.
The giant dipole resonance in Calcium isotopes is known experimentally since relatively long ago. Absolute nuclear photoabsorption cross section for electric dipole excitations above 10 MeV has been measured for 40 Ca in Ref. [24] . Measurements for 48 Ca were performed in Ref. [25] . Later, some evaluated data for photoabsorption cross section in the same energy range became available for the chain of even-even Calcium isotopes 40, 42, 44, 48 Ca in [26] .
The new generation of the radioactive beam facilities allows for nuclear structure data on heavier Calcium isotopes far from stability. Already long ago, an evidence for a new shell gap at neutron number N = 32 was reported for 52 Ca [27] as a result of measurements of the two-proton knockout reaction at ISOLDE/CERN. On the other hand, it was observed recently in Radioactive Isotope Beam Factory at RIKEN [28] that the shell structure of 54 Ca highlights a sizable subshell closure at neutron number N = 34 in isotopes far from stability. Moreover, heavier calcium isotopes up to 60 Ca can be produced and investigated at experimental radioactive beam facilities, such as National Superconducting Cyclotron Laboratory (NSCL) and RIKEN [29] , due to the increase of primary beam intensities, new beam development and advances in experimental techniques. Neutronrich Calcium isotopes continue to attract substantial interest since they show shell evolution with new magic numbers at N = 32, 34 and serve as a very convenient test case for theoretical models [30] , stimulating new developments on the theory side, in particular, in the socalled 'ab initio' framework [31] , which is able to reproduce masses and low-energy spectroscopy of light nuclei.
High-frequency giant collective excitations in the Calcium mass region are also becoming accessible by theoretical methods employing chiral nucleon-nucleon interactions [32] . As complex many-body correlations are very important for the formation of giant resonances and for their low-energy fine features, a variety of self-consistent approaches beyond random phase approximation (RPA) were developed and applied to Calcium. Nuclear field theory [33] [34] [35] [36] [37] , quasiparticle-phonon model [38] second RPA (SRPA) [39] [40] [41] [42] [43] , mode coupling model [44] and method of chronological decoupling of diagrams (later renamed to time-blocking approximation) [45] [46] [47] [48] [49] [50] [51] account for two-particle-two-hole excitations with various coupling schemes, which are responsible for damping effects of both giant resonance and low-energy strength. Continuum effects are known to contribute to the damping of giant resonances and to cause an additional broadening [48, [52] [53] [54] [55] . Most of the studies of collective excitations in Calcium mass region in the approaches beyond RPA are, however, limited by closed-shell systems, with only a few exceptions [10, 50, 56] .
This work presents a systematic investigation of electric dipole spectra of even-even Calcium isotopes with A = 40 -54 within the relativistic quasiparticle time blocking approximation (RQTBA) developed originally in Ref. [57] . The method is based on the relativistic mesonexchange nuclear Lagrangian of Quantum Hadrodynamics and extends the covariant response theory by effects of retardation. The retardation, or time-dependence of meson-exchange interaction, is neglected in the covariant density functional theory [58, 59] and in the approaches on the level of two-quasiparticle configurations, such as relativistic quasiparticle random-phase approximation (RQRPA) [60] . It is restored in RQTBA in an approximate way taking into account the most important (resonant) effects of temporal non-localities, essential at the relevant excitation energies (∼ 0-50 MeV), on the equal footing with superfluid pairing. In the original version of RQTBA they are modeled by coupling of quasiparticles to collective vibrations within 2q⊗phonon coupling scheme, and in the extended versions within phononphonon coupling [61, 62] and 2q⊗Nphonon [63] configurations. The method was applied with great success to dipole spectra of various closed and open-shell mediummass nuclei [57, 64, 65] . In particular, it has described the observed spin-isospin splitting of pygmy dipole resonance [15, 16, 66] , isoscalar dipole modes [20, 21] , and stellar reaction rates of r-process nucleosynthesis [67] . Recently, an extension of the R(Q)TBA to spin-isospin excitations has become available [68] [69] [70] .
The structure of the article is as follows: after a brief review of the formalism in Section II, in Section III we discuss the evolution of the electric dipole strength in the excitation energy region 0-30 MeV with neutron number, in comparison with available data, and the development of the soft mode at low energies. Then, by a careful analysis of the transition densities, the location of the pygmy dipole resonance is determined and its systematics with respect to the asymmetry parameter is extracted. Finally, Section IV presents conclusions and outlook.
II. FORMALISM
In this Section, we give a brief survey of the relativistic quasiparticle time blocking approximation in the neutral particle-hole channel. It is conveniently formulated in terms of nuclear response function in the basis of states of Dirac-Hartree-Bogoliubov quasiparticles {k i , η i } [71] , where the indices k i run over the complete sets of the single-quasiparticle quantum numbers including states in the Dirac sea and indices η i , numerate forward (+) and backward (-) components of the matrix elements in the Nambu space. In practice, this basis is generated by a self-consistent solution of the relativistic mean-field problem [58, 59] with superfluid pairing correlations, which forms the content of the Covariant Density Functional Theory (CDFT). The final equation for the nuclear response function R(ω) in the resonant quasiparticle time blocking approximation is given by the following equation:
which is the spectral representation of the Bethe-Salpeter equation (BSE) projected onto the particle-hole channel [47, 48, 57] . The latter implies that the indices η, η ′ are combined pair indices, so that
is the propagation of two quasiparticles in the mean field between acts of interaction with the following amplitude:
HereṼ is the meson-exchange interaction of the CDFT with the parameter set NL3 * [72] with a non-linear selfcoupling of the scalar σ-meson:
where retardation effects are neglected in the σ-, ω-, ρ-meson and photon propagators. This approximation is well justified for a single meson-exchange interaction, because the meson masses are large compared to the typical energy scale in nuclear structure physics. However, when the large attractive scalar field gets strongly compensated by the vector field, the resulting temporal non-locality, appearing in the spectral representation as an energy dependence, can become significant. The latter effects can be accurately taken into account in an approximate way considering such a non-locality as a superposition of small-amplitude collective vibrations of nucleonic density with various multipoles. The underlying mechanism of these vibrations is the meson exchange significantly modified by the nuclear medium. In the self-consistent theory the vibrations are generated by the same effective interactionṼ . They provide a feedback on the singlequasiparticle degrees of freedom acting as mediators of an additional boson-exchange (commonly called phononexchange) interaction. Accounting for these contributions is the main content of the RQTBA. Because of the presence of vibrational solutions at very low energies (∼ 1 MeV), the retardation effects caused by the exchange of these vibrations become very important. In Eq. (2) they are encapsulated in the particle-hole (η = +) and hole-particle (η = −) amplitude Φ η (ω), which, in the resonant time blocking approximation, has the following structure:
where we denote the matrix elements of the quasiparticlephonon coupling vertices as γ η;ξ µ;k1k2 = γ η;ξξ µ;k1k2 . In Eq. (4) the index ξ stands for the particle-particle (ξ = +) and hole-hole (ξ = −) components of the vertex matrix elements computed within RQRPA as well as their frequencies Ω µ . The index µ numerates phonon quantum numbers and E ki are the energies of Dirac-Hartree-Bogoliubov quasiparticles. Conventionally, phonon modes with natural parities and multipolarities J µ ≤ 6 are included in the RQTBA model space, if their reduced transition probabilities are 5% or larger than the maximal one for the given multipolarity. The component structure of the matrix elements of the meson-exchange interaction (3) is given in Ref. [57] . The physical content of the time blocking approximation is that, due to the time projection in the integral part of the BSE, the two-quasiparticle propagation through states of a more complicated structure than 2q⊗ phonon is blocked [47] . The amplitude Φ(ω) in Eq. (2) is corrected by the subtraction of itself at zero frequency, in order to avoid double counting of the quasiparticlephonon coupling effects, which are implicitly included in the CDFT parameters adjusted to experimental masses and radii of characteristic nuclei [59] .
The BSE (1) for the response function is solved in both Dirac-Hartree-Bogoliubov and momentum-channel representations [57] . The response to a weak external field P is determined by the microscopic strength function S(E):
In this work the operator P is the electromagnetic dipole field:
The total dipole photoabsorption cross section σ E1 (E) is related to the strength function S E1 (E) as follows:
A finite imaginary part ∆ of the energy variable is used in the calculations in order to obtain a smooth envelope of the spectrum. This parameter brings an additional artificial width for each excited state. This width models effectively effects which are not taken into account explicitly in our approach, such as higher-order correlations and escape of particles to continuum. More details about the formalism can be found in Ref. [57] .
III. RESULTS AND DISCUSSION
Calculations within the framework described above were performed for even-even Calcium isotopes with mass numbers A = 40 -54 in both RQTBA and RQRPA approaches. The results for dipole photoabsorption cross sections calculated with ∆ = 500 keV in the broad energy region up to 30 MeV are shown in Fig. 1 in comparison to experimental data. The first general observation is that in the most of the cases a strong fragmentation of the GDR occurs in RQTBA, as compared to RQRPA. This effect is noticeably stronger in open-shell isotopes, that is in agreement with the overall situation in medium-mass nuclei calculated previously [57, 65] . The clear reason for this is the location of the first collective phonons of the lowest multipolarities, which is always at lower energies in open-shell nuclei than in the closed-shell ones. In addition, as a rule, the transition probabilities for these phonons, which are in the direct relation to their coupling amplitudes γ µ , are higher in open-shell nuclei. Besides that, the case of 40 Ca is special for R(Q)TBA in its standard self-consistent formulation, which implies calculations of the phonon spectra {Ω µ , γ µ } within R(Q)RPA. As a rule, for medium-mass and heavy nuclei and for open-shell light nuclei the lowest phonons are well reproduced by R(Q)RPA. However, in the cases of 40 Ca and 16 O the lowest observed phonons with positive natural parity, such as 2 + , 4 + , 6 + , have more complicated nature than one-particle-one-hole and, therefore, are not reproduced in R(Q)RPA. In fact, in R(Q)RPA calculations for 40 Ca the lowest phonons of this kind are above 10 MeV and, therefore, their contribution to the amplitude Φ(ω) is very minor, as it can be seen from its pole structure in Eq. (4). In order to adopt RQTBA to calculations for 40 Ca and 16 O, one has to apply a higher-order approach to the 2 + , 4 + , 6 + phonons, which is not done in the present work. So, the RQTBA result for 40 Ca should be understood with this reservation.
In 42 Ca the situation is improving: the presence of pairing correlations brings the most important 2 + phonon in a better agreement to data although its energy is still by factor 2 larger that the experimental one. Nevertheless, the fragmentation is stronger, and the width is closer to the observed one. The energy of the 2 + phonon is very sensitive to the value of the pairing gap which is fine tuned in the present approach. For the calculations shown in Fig. 1 pairing gap equal to 2.0 MeV is used, that is close to the empirical value ∆ emp = 12/ √ A MeV. Alternative calculations were done with pairing gaps reproducing the energy of the first quadrupole state, however, the overall GDR picture is not sensitive to this difference.
One can see from Fig. 1 that the centroids of the GDR in 40 Ca and in its closest neighbor 42 Ca are ∼ 2 MeV lower than the ones observed in experiments. Interestingly, in other doubly-magic nuclei 208 Pb and 132 Sn, where R(Q)TBA calculations were performed [49] , the GDR centroids are also 1.0 -1. centroids are in a perfect agreement to data [57] . This discrepancy appears already in relativistic RPA as well as in RPA based on many Skyrme functionals, and the inclusion of particle-vibration coupling does not change the situation as it preserves the centroids. The reason for this discrepancy and its possible improvement are investigated now.
Giant dipole resonance in 44 Ca is described relatively well by RQTBA, although its width is still somewhat underestimated. We have not found data for 46 Ca, but in 48 Ca R(Q)TBA calculations provide a very good description. Notice, that the low-lying phonons are reproduced also very well in this nucleus. Overall, the fragmentation of the GDR increases with neutron number and, starting from 48 Ca, it can be seen that a soft mode starts to develop on the low energy shoulder of GDR. This lowenergy part of the calculated dipole strength distributions can be seen in more detail in Fig. 2 , where it is shown with the smearing parameter 20 keV. In the openshell nuclei 42, 44, 46, 50 Ca the spectra are calculated and presented with two values of the pairing gap: ∆ max = 2.0 MeV and ∆ min which reproduces the energy of the first 2 + state in each isotope. For 52,54 Ca the low-lying dipole strength is computed only with ∆ max because with smaller paring gap RQRPA solutions show instabilities. The first observation from this Figure is that the fine structure of the low-lying strength is very sensitive to the pairing gap value: retaining similar patterns, the spectra are shifted with respect to each other by ∼ 2 -3 MeV. Presently, there is no quantitatively satisfactory relativistic approach to pairing correlations in finite nuclei, although the formalism is developed very clearly for the meson-exchange interactions and applied to nuclear matter [71, 74] . In practice, either monopole or finiterange pairing force is employed [59] . A separable representation of zero-range pairing force is also available [75] . In this work we use the monopole force with the strength which is fine tuned in two ways described above, in order to see the sensitivity of the dipole strength to the pairing gap. Returning to Fig. 2 , one can see also various possibilities for the location of the low-energy dipole strength with respect to the particle emission threshold (shown by dashed blue lines). For instance, in 40 Ca there is no dipole strength below the (proton) emission threshold; in 42 Ca some dipole states appear in this region, due to unblocking effects of pairing correlations, while the amount of the strength depends on the pairing gap value and, in addition, the proton emission threshold moves up by ∼2 MeV being still below the neutron threshold. In the next isotopes 44, 46, 48 Ca approximately the same amount of strength is seen below 10 MeV while the neutron threshold is moving below the proton one down to 11.13 MeV in 44 Ca and then further down to 9.95 MeV in 48 Ca. Beyond 48 Ca neutrons occupy the next major shell, and the neutron threshold moves further down, so that almost no strength below the threshold is seen in the RQTBA framework.
As it is already mentioned, systematics of the pygmy dipole resonance as a neutron skin oscillation mode and the related electric dipole polarizability play an important role in constraining the nuclear equation of state [1, 22] . Presently, the problem with the PDR systematics is that its experimental determination is limited by the particle emission threshold. With only few exceptions [18, 19] , the measurements have been performed either below or above the threshold with different probes, while the strength in ∼1-2 MeV energy window around the threshold remains very uncertain. Besides that, it is not clear how to separate PDR from GDR in experiments. This is a non-trivial task for the theory as well, because neither GDR nor PDR are single excitation modes. Instead, each of them is fragmented and broadened due to Landau damping (occurring already on the R(Q)RPA level), damping to complex configurations (essentially taken into account in R(Q)TBA) and particle escape to continuum [48] . However, theoretical methods have a very convenient tool for an approximate separation of these two excitation modes, namely the proton and neutron transitions densities, which reveal a specific pattern characterizing neutron skin oscillation [76] : inphase oscillation of proton and neutron transition densities inside the nucleus with a visible dominance (correlated with the neutron excess) of the neutron component in the surface area. In contrast, GDR shows out of phase proton and neutron density oscillations. Besides that, there is a 'transitional' energy region between PDR and GDR where none of those clear patterns is observed [64] . Thus, in the present work, before making a systematics of the pygmy strength, we have also analyzed the transition densities of the calculated states to establish and approximate border line between PDR and GDR. Figure 3 shows proton and neutron transition densities of the most prominent peaks in 48 Ca between 6.99 and 13.44 MeV. Their common feature is nearly in-phase oscillations of proton and neutron density distributions with more or less visible dominance of the neutron component in the surface area, which is the well-established PDR pattern, while the last state at 13.44 MeV starts to deviate from this picture toward the out-of phase behavior inherent for the GDR. Although we see stronger fragmentation away from closed shells, the evolution of the transition densities look very similar in all analyzed Calcium isotopes, so that we have set 13.0 MeV as the energy of the separation between PDR and GDR for the whole isotopic chain.
This separation allows for the inclusion of Calcium isotopic chain in the systematics extracted previously from the calculations for Pb, Sn and Ni isotopes [64] , which is shown in the lower panel of Figure 4 . The total pygmy strength is plotted versus the squared isospin asymmetry parameter α = (N − Z)/A for these isotopic chains, while the energy intervals defining the pygmy strength are adjusted by the analyses of proton and neutron transition densities, so that only the states with the typical "pygmy" underlying structure are included in these intervals. The particular values of the upper energy limits are shown in the legend. As discussed in Ref. [64] , the nearly constant values of the pygmy strengths in Sn isotopes for 0.03 ≤ α 2 ≤ 0.06 and in Ni isotopes for 0.03 ≤ α 2 ≤ 0.08 are caused by the presence of the intruder states 1h 11/2 and 1g 9/2 , respectively: neutrons added to these orbits do not induce new low-energy dipole transitions because the next shell has the same parity. In the case of Calcium, the orbital 1f 7/2 is getting occupied by neutrons when going from N=20 to N=28 (0.0 ≤ α 2 ≤ 0.027), and the latter interval of the isospin asymmetry parameter also shows a stagnation of the total pygmy strength, while with the opening of a new shell the total pygmy strength increases nearly linearly. For 0.04 ≤ α 2 ≤ 0.06 the pygmy strength has very similar values in all isotopic chains under consideration, that points out to the existence of a universal correlation between the isospin asymmetry and the magnitude of the neutron skin oscillation.
The upper panel of Fig. 4 shows the total pygmy strength in the studied Calcium isotopes below 10 MeV. This is the upper limit of the energy interval which is often investigated experimentally. Here we illustrate the sensitivity of the pygmy strength to the value of the pairing gap. The isotopes 42, 44, 46 Ca show almost no sensitivity, however, in 50 Ca the pygmy strength calculated with ∆ min gap is by almost factor two larger than in the calculation with ∆ max . As mentioned above, calculations for 52, 53, 56 Ca in a spherical basis are only possible with the larger pairing gap. calculated EWSR with the data of Ref. [10] , at that we show slightly different endpoint energies for the cases, where substantial strength is concentrated around 10 MeV ( 48 Ca) or where the particle emission threshold is below 10 MeV ( 40 Ca). Thus, within the theoretical and experimental error bars the agreement is very reasonable.
IV. SUMMARY
New results for dipole strength distributions in stable and unstable neutron-rich Calcium isotopes are presented. The calculations were performed within the relativistic quasiparticle time blocking approximation including effects of coupling between quasiparticles and phonons. Thus, (i) the performance of RQTBA has been tested in the low mass region and (ii) the systematics of the pygmy dipole resonance has been extended to neutron rich Calcium isotopes beyond the closed-shell 48 Ca. In general, the obtained results for both giant dipole resonance and the low-energy fraction of the dipole strength distribution are very satisfactory. The case of (Z, N ) = (20, 20) shells closures requires, however, a special consideration because the low-lying phonon modes with positive nature parity can not be reproduced in the standard R(Q)RPA framework and require an extended approach for the phonons.
Besides this, some other issues with the dipole response in Calcium mass region remain unsolved. In the context of the previous R(Q)TBA calculations of the dipole strength [49] , one can see that there is a common problem for the models based on the meson-exchange Lagrangian adjusted in the standard way to bulk nuclear properties: the GDR centroids are systematically lower at the (Z, N ) = (20, 20) , (Z, N ) = (50,82) and (Z, N ) = (82,126) double shell closures. This problem appears on the CDFT (R(Q)RPA) level, and the inclusion of particle-vibration coupling in the conventional resonant time blocking approximation does not shift the centroid, thus this problem persists in RQTBA. However, before addressing this issue on the CDFT level, one might still consider going beyond the conventional quasiparticle-phonon coupling scheme of RQTBA, which includes only isoscalar normal phonons. For instance, coupling to pairing vibrations can be of special importance at the shell closures and coupling to isovector phonons can potentially play a role as they represent a dynamical approach to proton-neutron pairing [77] . These issues are under consideration and will be studied in future endeavors.
